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Abstract  
Aiming for investigation of dynamics of biomolecules in terahertz (THz) frequency region, a method 
of coherent Raman spectroscopy using frequency-chirped optical pulses has been developed.  Firstly, 
the principle of the method is explained, and then a few examples of coherent Raman spectroscopy for 
a semiconductor sample (GaSe), as the proof-of-principle demonstration, are presented.  For 
applications to biomolecules, which have smaller Raman activities in general compared to 
semiconductors, it is required to improve the signal-to-noise ratio (SNR) of the measurement with this 
method.  To suppress the non-resonant background, the coherent inverse Raman spectroscopy with 
the polarization-controlled pump has been performed and the resonant optical phonon band of GaSe at 
around 0.65 THz has been clearly observed with a low non-resonant background.  The measurement 
frequency range has been extended from 5 THz to about 15 THz by replacing the pump femtosecond 
laser (~120 fs) with a more short pulse femtosecond laser (~40 fs).  Several techniques for further 
improvement of the SNR are suggested and discussed, such as by using a high-repetition rate (but low 
intensity) femtosecond laser, a balanced signal detection, a differential signal detection with a shaker 
in the time-delay line, etc.   
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研究報告２１
㸯㸬ࡣࡌࡵ࡟
ࢸࣛ࣊ࣝࢶ(THz)ᖏ࡟࠾࠸࡚ࡣ㏆ᖺࣇ࢙࣒ࢺ⛊࣮ࣞࢨ࣮ࢆບ㉳ග※࡜ࡋࡓࢸࣛ࣊ࣝࢶ᫬㛫
㡿ᇦศගἲ(THz-TDS)[1]ࡀ㛤Ⓨࡉࢀ㸪ࡉࡲࡊࡲ࡞≀㉁ࡢ྾཰ศග[2-9]ࡸ࢖࣓࣮ࢪࣥࢢィ 
[10]࡟ᛂ⏝ࡉࢀࡿࡼ࠺࡟࡞ࡗࡓࠋ୍᪉㸪྾཰ศග࡜┦⿵ⓗ࡞࣐ࣛࣥศග࡟࠾࠸࡚ࡣ㸪THzᖏ
ࢆྵࡴపἼᩘᇦࡢศගࡣ྾཰ศග࡯࡝άⓎ࡟◊✲㸪฼⏝ࡀ⾜ࢃࢀ࡚࠸࡞࠸ࠋ⾲㠃ࡀᖹᆠ࡞༙
ᑟయ➼ࡢᅛయヨᩱ࡟ᑐࡋ࡚ࡣ㸪ᕷ㈍ࡢ⿦⨨࡛ࡶᛶ⬟ࡢⰋ࠸ࡶࡢࢆ⏝࠸ࢀࡤᩘcm-1⛬ᗘࡢపἼ
ᩘᇦࡢ ᐃࡶྍ⬟࡛࠶ࡾ㸪ࡇࢀࡲ࡛࡟ࡶከࡃࡢሗ࿌౛ࡀ࠶ࡿࠋ୍᪉㸪⾲㠃ࡀᖹᆠ࡛ࡣ࡞࠸ヨ
ᩱ㸦౛࠼ࡤ⢊ᮎ≧ࡢࡶࡢ㸧ࡸ㸪኱ࡁ࡞⏕యศᏊ㸦ࢱࣥࣃࢡ㉁㸪DNA➼㸧ࡢ⁐ᾮヨᩱ࡟ᑐࡋ࡚
ࡣ㸪ບ㉳ගࡢ࣮࣮ࣞࣜᩓ஘ࡀᙉࡃ㸪THzᖏ㸦ᩘcm-1㹼ᩘ100 cm-1㸧ࡢపἼᩘࡢ࣐ࣛࣥᩓ஘ศග
ࡣᐜ࡛᫆ࡣ࡞࠸ࠋࡋ࠿ࡋ㸪Ỉ⁐ᾮ୰ࡢศᏊࡢศගࡸỈศࢆከࡃྵࡴヨᩱࡢTHz㡿ᇦࡢᛂ⟅ࢆ
ㄪ࡭ࡿୖ࡛㸪THz-TDSࢆྵࡴ྾཰ศග࡛ࡣ㸪Ỉࡢᙉ࠸྾཰࡟ጉࡆࡽࢀࡿࡓࡵ㸪ᐃ㔞ⓗ࡞ศග
ࡀᅔ㞴࡟࡞ࡿࡀ㸪࣐ࣛࣥศග࡛ࡣ྾཰ศගࡼࡾࡶỈࡢᙳ㡪ࡀᑡ࡞ࡃ࡚῭ࡴ㸦Ỉ࡟ࡼࡿ࣐ࣛࣥ
ᩓ஘ᙉᗘࡣᑠࡉ࠸㸧࡜࠸࠺฼Ⅼࡀ࠶ࡿࠋࡲࡓ㸪࣐ࣛࣥศග࡛ࡣ㸪ບ㉳ග㸦㏻ᖖྍどࡲࡓࡣ㏆
㉥እග㸧ࡢἼ㛗⛬ᗘࡢ㧗࠸✵㛫ศゎ⬟ࢆᚓࡿࡇ࡜ࡀ࡛ࡁࡿࠋࡉࡽ࡟CARS(Coherent Anti-Stokes 
Raman Scattering)࡞࡝ࡢࢥࣄ࣮ࣞࣥࢺ࣐ࣛࣥศග࡛ࡣ㸪㏻ᖖࡢ࣐ࣛࣥศගࡼࡾࡶ105㹼106ಸ⛬
ᗘࡢᙉ࠸ᩓ஘ಙྕࡀᚓࡽࢀࡿࡓࡵ㸪࢖࣓࣮ࢪࣥࢢᛂ⏝࡟㐺ࡋ࡚࠸ࡿࠋࡑࡇ࡛➹⪅ࡽࡣᩘᖺ๓
ࡼࡾ㸪⁐ᾮ≧ែࡢ⏕యศᏊࡢィ ࡜ศග࢖࣓࣮ࢪࣥࢢࢆ┠ⓗ࡜ࡋࡓࢸࣛ࣊ࣝࢶᖏࡢࢥࣄ࣮ࣞ
ࣥࢺ࣐ࣛࣥศගἲࡢᢏ⾡㛤Ⓨࢆ⾜ࡗ࡚ࡁࡓࠋບ㉳࣮ࣞࢨ࣮࡜ࡋ࡚ࡣ㸪ࢥࣄ࣮ࣞࣥࢺ࣐ࣛࣥศ
ග࡟ࡼࡃ⏝࠸ࡽࢀࡿࢼࣀ⛊㸪ࣆࢥ⛊ࡢ༢Ⰽග※࡛ࡣ࡞ࡃ㸪ᗈᖏᇦࡢࣇ࢙࣒ࢺ⛊࣮ࣞࢨ࣮ࢆ⏝
࠸࡚㸪ࢥࣄ࣮ࣞࣥࢺ࣐ࣛࣥᩓ஘ಙྕࢆ᫬㛫㡿ᇦ᳨࡛ฟࡍࡿᡭἲ㸦ࣇ࢙࣒ࢺ⛊࣮ࣞࢨ࣮࡟ࡼࡿ
ࢸࣛ࣊ࣝࢶᖏ᫬㛫㡿ᇦࢥࣄ࣮ࣞࣥࢺ࣐ࣛࣥᩓ஘ศගἲ㸧ࢆ᥇⏝ࡋ࡚࠸ࡿࠋࣇ࢙࣒ࢺ⛊࣮ࣞࢨ
࣮ࡣTHz-TDS࡜ඹ㏻ࡢග※࡜ࡋ࡚⏝࠸ࡿࡇ࡜ࡀ࡛ࡁࡿ࡜࠸࠺฼Ⅼࡶ࠶ࡿࠋ⌧᫬Ⅼ࡛ࡣ⏕య⤌
⧊➼ࡢศග࢖࣓࣮ࢪࣥࢢ࡟ᛂ⏝࡛ࡁࡿࡲ࡛࡟ࡣ⮳ࡗ࡚࠸࡞࠸ࡀ㸪ᮏ◊✲ሗ࿌࡛ࡣ➹⪅ࡽࡀ
ࠕࢸࣛ࣊ࣝࢶᖏ᫬㛫㡿ᇦࢥࣄ࣮ࣞࣥࢺ࣐ࣛࣥᩓ஘ศගࠖ࡜࿧ࢇ࡛࠸ࡿࡑࡢᡭἲࡢཎ⌮ㄝ᫂
࡜㸪ཎ⌮ᐇド࡜ࡋ࡚THzᖏࡢ༙ᑟయගᏛࣇ࢛ࣀࣥࣂࣥࢻࢆCARS࠶ࡿ࠸ࡣ㏫࣐ࣛࣥࢫ࣌ࢡࢺ
ࣝ࡜ࡋ࡚ほ ࡋࡓ౛࡟ࡘ࠸࡚⤂௓ࡍࡿࠋ

㸰㸬ࣇ࢙࣒ࢺ⛊࣮ࣞࢨ࣮࡟ࡼࡿࢸࣛ࣊ࣝࢶᖏ᫬㛫㡿ᇦࢥࣄ࣮ࣞࣥࢺ࣐ࣛࣥᩓ஘ศග
ࡢཎ⌮
ࡉ࡚㸪ࢸࣛ࣊ࣝࢶᖏ᫬㛫㡿ᇦࢥࣄ࣮ࣞࣥࢺ࣐ࣛࣥᩓ஘ศග࡟ࡘ࠸࡚㏙࡭ࡿࡲ࠼࡟㸪࣐ࣛࣥ
ᩓ஘ศගࡢᇶᮏ࡟ࡘ࠸࡚⡆༢࡟㸦ཝᐦࡉࡣከᑡ≛≅࡟ࡋ࡚㸧ㄝ᫂ࡋ࡚࠾ࡃࡇ࡜࡟ࡍࡿࠋศᏊ
࠶ࡿ࠸ࡣ⤖ᬗ᱁Ꮚ࡟㟁ሙ E0ࡀ࠿࠿ࡿ࡜ศᴟ Pࡀㄏ㉳ࡉࢀࡿࠋ⥺ᙧ࡞ᛂ⟅ࡢ⠊ᅖ࡛ࡣ Pࡣ E0
࡟ẚ౛ࡍࡿࡢ࡛㸪ࡑࡢẚ౛ಀᩘࢆȘ࡜ࡍࡿ࡜
P =ȘE0                            㸦1㸧
࡛⾲ࡉࢀࡿࠋࡇࡇ࡛ PࡣศᏊ 1 ಶࡢศᴟ࡜⪃࠼࡚ࡶࡼ࠸ࡀ㸪༢఩య✚ᙜࡓࡾ࡟ศᏊࡲࡓࡣ⤖
182 183
ᬗ᱁Ꮚ࡟ࡼࡗ࡚ㄏ㉳ࡉࢀࡿᕧどⓗ࡞ศᴟ࡜⪃࠼ࡿࡇ࡜࡟ࡍࡿࠋȘࡣศᏊ㸦ࡲࡓࡣ⤖ᬗ᱁Ꮚ㸧
࡟౫Ꮡࡍࡿ࡜࡜ࡶ࡟㸪⇕ⓗ࡟ບ㉳ࡉࢀࡓศᏊ᣺ື㸪᱁Ꮚ᣺ື࡞࡝࡟ࡼࡗ࡚ศᏊࡀ࿘ᮇⓗ࡟ኚ
ᙧࡍࡿ࡜ࡑࡢ࿘ᮇⓗኚᙧ࡟ᛂࡌ࡚Șࡶ࿘ᮇⓗ࡟ኚ໬ࡍࡿࠋࡇࡇ࡛Șࡀ᣺ືᩘGZ࡛࿘ᮇⓗ࡟ኚ
ືࡍࡿศᏊ㸦ࡲࡓࡣ⤖ᬗ᱁Ꮚ㸧࡟㸪ධᑕ㟁ሙ E0 ࡢ᣺ᖜࡀ୍ᐃ࡛࿘ἼᩘࡀZ0 ࡢ࣮ࣞࢨ࣮ගࡀ
ධᑕࡋࡓሙྜ㸪P ࡣධᑕ࣮ࣞࢨ࣮ග࡜ྠࡌ࿘ἼᩘZ0࡛᣺ືࡍࡿᡂศ࡟ຍ࠼࡚㸪Șࡢ᣺ືᩘGZ
࡜ࡢ࿴࿘ἼᩘZ0㸩GZ࠾ࡼࡧᕪ࿘ἼᩘZ0㸫GZ࡛᣺ືࡍࡿᡂศࢆᣢࡘࡼ࠺࡟࡞ࡿࠋࡘࡲࡾ P ࡣ
Z0㸪Z0㸩GZ㸪Z0㸫GZࡢ㸱ࡘࡢᡂศ࡛᣺ືࡍࡿࡇ࡜࡟࡞ࡿࠋኚືࡍࡿ㟁Ẽศᴟ࠿ࡽࡣ 22 / tww P
࡟ẚ౛ࡋࡓ㟁☢Ἴࡀᨺᑕ㸦཮ᴟᏊᨺᑕ㸧ࡉࢀࡿࡢ࡛㸪ศᏊ࠿ࡽࡣධᑕ㟁ሙ࡜ྠࡌ࿘ἼᩘZ0
ࡢග㸦࣮࣮ࣞࣜᩓ஘ග㸧㸪ศᏊ㸦᱁Ꮚ㸧᣺ື࿘ἼᩘGZࡔࡅࣉࣛࢫ࡟࿘Ἴᩘࢩࣇࢺࡋࡓ࿘Ἴᩘ
Z0㸩GZࡢග㸦࢔ࣥࢳࢫࢺ࣮ࢡࢫග㸧㸪ศᏊ㸦᱁Ꮚ㸧᣺ື࿘ἼᩘGZࡔࡅ࣐࢖ࢼࢫ࡟࿘Ἴᩘࢩ
ࣇࢺࡋࡓZ0㸫GZࡢග㸦ࢫࢺ࣮ࢡࢫග㸧ࡀᩓ஘ග࡜ࡋ࡚ᨺᑕࡉࢀࡿࡇ࡜࡟࡞ࡿࠋศᏊ᣺ືࡀ⇕
ⓗ࡟ບ㉳ࡉࢀࡿሙྜ㸪᣺ືࡢ᣺ᖜࡣ࠶ࡲࡾ኱ࡁࡃ࡞ࡃ㸪ࡲࡓࡑࢀࡒࢀࡢ᣺ືࡢ఩┦ࡣࡤࡽࡤ
ࡽ㸦࢖ࣥࢥࣄ࣮ࣞࣥࢺ㸧࡛ ࠶ࡿࡓࡵ㸪ಶࠎࡢศᏊ࠿ࡽࡢᨺᑕࡣ㸪ᖸ΅࡟ࡼࡾᙉࡵྜ࠺ሙྜ࡜㸪
ᙅࡵྜ࠺ሙྜࡀ༙ࠎ࡜࡞ࡾ㸪ࡑࢀ࡯࡝኱ࡁ࡞ᩓ஘ᙉᗘࡣᚓࡽࢀ࡞࠸ࠋࡋࡓࡀࡗ࡚㸪࢔ࣥࢳࢫ
ࢺ࣮ࢡࢫග㸪ࢫࢺ࣮ࢡࢫගࡣ࣮࣮ࣞࣜᩓ஘ග࡟ẚ࡭࡚㏻ᖖ㠀ᖖ࡟ᚤᙅ࡛࠶ࡿࠋࡇࡢࡓࡵ㸪ᛶ
⬟ࡢࡼ࠸ࣀࢵࢳࣇ࢕ࣝࢱ࣮࡜ศගჾࢆ⏝࠸࡚࣮࣮ࣞࣜᩓ஘ගࢆᢚ࠼㸪㧗ឤᗘࡢග㟁Ꮚቑಸ⟶
ࡸ CCD ࣓࢝ࣛ࡞࡝ࢆ⏝࠸࡚࢔ࣥࢳࢫࢺ࣮ࢡࢫග࠶ࡿ࠸ࡣࢫࢺ࣮ࢡࢫගࢆほ ࡍࡿࡢࡀ㏻ᖖ
ࡢ࣐ࣛࣥᩓ஘㸦⮬Ⓨ࣐ࣛࣥ㸧ศග࡛࠶ࡿࠋ࡞࠾㸪P ࡣ࣋ࢡࢺ࡛ࣝ࠶ࡾ㸪ࡑࡢᡂศࡣධᑕ㟁ሙ
ࡢ࣋ࢡࢺࣝᡂศ࡟౫Ꮡࡍࡿࡢ࡛Șࡣ୍⯡࡟ࡣ༢࡞ࡿᐃᩘ㸦ࢫ࣮࢝ࣛ㔞㸧࡛ࡣ࡞ࡃࢸࣥࢯࣝ㔞
㸦࣐ࣛࣥࢸࣥࢯࣝ㸧࡜࡞ࡿ[ὀ]ࠋ
ࡉ࡚㸪ධᑕ㟁ሙ࡜ࡋ࡚ E0࡟ຍ࠼࡚ࡑࢀࡒࢀ᣺ືᩘࡀZ1࠾ࡼࡧZ2ࡢ E1࡜ E2ࡀධᑕࡋ㸪ࡇ
ࢀࡽࡢ㸱ࡘࡢἼࡢ┦஫స⏝࡛ศᴟ P ࡀㄏ㉳ࡉࢀࡿሙྜࢆ⪃࠼ࡼ࠺ࠋࡍࡿ࡜㸦1㸧ᘧࡣ
P =ȘE0 E1E2                            㸦2㸧
ࡢࡼ࠺࡟᭩ࡁ⾲ࡍࡇ࡜ࡀ࡛ࡁࡿࠋE1࡜ E2ࡢ࿘ἼᩘᕪࡀศᏊ㸦᱁Ꮚ㸧᣺ື࿘ἼᩘGZ࡜୍⮴ࡋ
ࡓ࡜ࡁ㸦GZ㸻_Z1㸫Z2_㸧㸪ศᏊࡣඹ㬆ຠᯝ࡟ࡼࡾᙉไⓗ᣺ືࡋ㸪ࡑࡢ఩┦ࡀࡑࢁ࠺㸦ࢥࣄ࣮
ࣞࣥࢺ࡟᣺ືࡍࡿ㸧ࡢ࡛㸪P ࡣ᣺ືᩘGZ࡛ᙉࡃኚືࡍࡿࡇ࡜࡟࡞ࡿࠋࡇࡢ࡜ࡁ㸪ඛ࡯࡝㏻ᖖ
ࡢ࣐ࣛࣥᩓ஘࡛ㄝ᫂ࡋࡓࡼ࠺࡟ධᑕ㟁ሙ E0ࡢᩓ஘ග࡟ࡣZ0㸪Z0㸩GZ㸪Z0㸫GZࡢ㸱ࡘࡢ࿘Ἴ
ᩘᡂศࡀྵࡲࢀࡿࡇ࡜࡟࡞ࡿࠋࡇࡢሙྜ㸪࿘ἼᩘZ0㸩GZ࠶ࡿ࠸ࡣZ0㸫GZࡢᩓ஘ගࡣࢥࣄ࣮
ࣞࣥࢺຠᯝ࡟ࡼࡾ㏻ᖖࡢ࣐ࣛࣥᩓ஘ගࡼࡾࡶఱ᱆ࡶቑᙉࡉࢀࡿ㸦N ಶࡢศᏊࡀࢥࣄ࣮ࣞࣥࢺ
࡟ᨺᑕࡍࡿ࡜㸪ಶࠎࡢศᏊ࡟ࡼࡿᨺᑕᙉᗘࡢ N ಸ࡛ࡣ࡞ࡃ㸪N2ಸࡢᨺᑕᙉᗘ࡜࡞ࡿ㸧ࠋ࿘
ἼᩘZ0㸩GZࡢᩓ஘ගࢆࢥࣄ࣮ࣞࣥࢺ࢔ࣥࢳࢫࢺ࣮ࢡࢫ࣐ࣛࣥᩓ஘㸦Coherent Anti-Stokes 
Raman Scattering㸪CARS㸧㸪࿘ἼᩘZ0㸫GZࡢᩓ஘ගࢆࢥࣄ࣮ࣞࣥࢺࢫࢺ࣮ࢡࢫ࣐ࣛࣥᩓ஘
(Coherent Stokes Raman Scattering, CSRS)࡜࿧ࡪࠋ㏻ᖖ㸱ࡘࡢ࿘Ἴᩘࡢ␗࡞ࡿ࣮ࣞࢨ࣮ග
ࢆ‽ഛࡍࡿࡢࡣ኱ኚ࡞ࡢ࡛㸪E0ࡢ࿘Ἴᩘࢆ E1ࡲࡓࡣ E2ࡢ࿘Ἴᩘ㸦Z1 ࡲࡓࡣZ2㸧࡟୍⮴ࡉࡏ
ࡿࡇ࡜ࡀከ࠸ࠋࡇࡢ࡜ࡁ㸪ྛගἼࡢ఩┦ࡶ⪃៖ࡋ࡚(2)ᘧࢆ᭩ࡁ┤ࡍ࡜
CARS : P (Z1㸩GZ=ȘE1 (Z1)E1 (Z1)E2* (Z2)  (Z1㸩GZ㸻Z1㸩Z1㸫Z2㸪Z1㸼Z2)  㸦3a㸧
CSRS : P (Z2㸫GZ=ȘE1* (Z1)E2 (Z2) E2 (Z2)   (Z1㸫GZ㸻Z2㸩Z2㸫Z1㸪Z1㸼Z2)  㸦3b㸧
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ࡇࡇ࡛ E*ࡣࡑࡢගἼࡢ఩┦ࡀ E࡟ᑐࡋ࡚ 180 ᗘࡎࢀ࡚࠸ࡿ㸦」⣲ඹᙺ࡛࠶ࡿ㸧ࡇ࡜ࢆ♧ࡍࠋ
㸦3a㸧ᘧ࡛⾲ࡉࢀࡿ CARS ࡣ㸪ศᏊ㸦ࡲࡓࡣ᱁Ꮚ᣺ື㸧ࡀZ1 ࡜Z2 ࡢගᏊ࡜┦஫స⏝ࡋ㸪3
ḟࡢ㠀⥺ᙧගᏛ㐣⛬࡛࿘ἼᩘZ1㸩GZ㸦㸻Z1㸩Z1㸫Z2㸧ࡢගᏊࢆ⏕ᡂࡍࡿ㐣⛬࡟┦ᙜࡍࡿࠋ㸦3b㸧
ᘧ࡛⾲ࡉࢀࡿ CSRS ࡣ㸪ศᏊ㸦ࡲࡓࡣ᱁Ꮚ᣺ື㸧ࡀZ1 ࡜Z2 ࡢගᏊ࡜┦஫స⏝ࡋ㸪3 ḟࡢ㠀
⥺ᙧගᏛ㐣⛬࡛࿘ἼᩘZ1㸫GZ㸦㸻Z2㸩Z2㸫Z1㸧ࡢගᏊࢆ⏕ᡂࡍࡿ㐣⛬࡟┦ᙜࡍࡿࠋࢥࣄ࣮ࣞ
ࣥࢺ࣐ࣛࣥᩓ஘࡟ࡣ CARS ࡜ CSRS ࡢ࡯࠿࡟㸪ศᏊ㸦ࡲࡓࡣ᱁Ꮚ᣺ື㸧ࡀZ1࡜Z2 ࡢගᏊ࡜
┦஫స⏝ࡋ㸪3 ḟࡢ㠀⥺ᙧගᏛ㐣⛬࡛࿘ἼᩘZ1㸦㸻Z1㸫Z2㸩Z2㸧ࡢගᏊࡀᾘ⁛ࡍࡿ㏫࣐ࣛࣥ
ᩓ஘(Inverse Raman Scattering, IRS)㸪࠾ࡼࡧศᏊ㸦ࡲࡓࡣ᱁Ꮚ᣺ື㸧ࡀZ1࡜Z2 ࡢගᏊ࡜
┦஫స⏝ࡋ㸪3 ḟࡢ㠀⥺ᙧගᏛ㐣⛬࡛࿘ἼᩘZ2㸦㸻Z2㸩Z1㸫Z1㸧ࡢගᏊࡀ⏕ᡂࡍࡿㄏᑟ࣐ࣛ
ࣥ฼ᚓᩓ஘(Stimulated Raman Gain Scattering, SRGS)ࡀ࠶ࡿࠋࡑࢀࡒࢀࡢᩓ஘㐣⛬࡟ᑐ
ᛂࡍࡿ㠀⥺ᙧศᴟࡣḟࡢᘧ࡛⾲ࡉࢀࡿࠋ
IRS : P (㸫Z1=ȘE1* (Z1)E2 (Z2)E2* (Z2)  (㸫Z1㸻㸫Z1㸩Z2㸫Z2㸪Z1㸼Z2)   㸦3c㸧
SRGS : P (Z2=ȘE2 (Z2)E1 (Z1)E1* (Z1)  (Z2㸻Z2㸩Z1㸫Z1㸪Z1㸼Z2)     㸦3d㸧
IRS ࠾ࡼࡧ SRGS ࡣ㸪ධᑕἼ E1࠿ࡽ E2࡬࢚ࢿࣝࢠ࣮ࡀኚ᥮ࡍࡿ㐣⛬ࡢ⿬࡜⾲࡟ᑐᛂࡋ࡚
࠸ࡿࠋࡍ࡞ࢃࡕ㸪ㄏᑟ࣐ࣛࣥᩓ஘㐣⛬㸦ࡼࡾ୍⯡ⓗ࡟ࡣ 4 ගἼΰྜ㐣⛬㸧࡟ࡼࡾ㸪Z1 ࡢග
Ꮚࡢ୍㒊ࡀZ2 ࡟ኚ᥮ࡉࢀ㸪E1 ࡢᙉᗘࡀῶࡾ㸪E2 ࡢᙉᗘࡀቑ࠼ࡿගᏛ㐣⛬ࢆࡑࢀࡒࢀほ ࡋ
࡚࠸ࡿࡢ࡛࠶ࡿࠋ
ࡉ࡚㸪ୖ グࡢࡼ࠺࡞ࢥࣄ࣮ࣞࣥࢺ࣐ࣛࣥᩓ஘ࢆᘬࡁ㉳ࡇࡍࡓࡵ࡟ࡣ㸪㏻ᖖࡣZ1 ࡜Z2ࡢບ㉳
ග࡟ᑐᛂࡋ࡚ 2 ྎࡢἼ㛗ྍኚග※㸦Ἴ㛗ྍኚ࣮ࣞࢨ࣮ࡶࡋࡃࡣගࣃ࣓ࣛࢺࣜࢵࢡⓎ᣺ࢆ⏝࠸
ࡓග※㸧ࢆ౑⏝ࡋ࡞ࡅࢀࡤ࡞ࡽࡎ㸪ᚲ↛ⓗ࡟⮬Ⓨ࣐ࣛࣥᩓ஘ࢆほ ࡍࡿሙྜࡼࡾࡶࢥࣄ࣮ࣞ
ࣥࢺ࣐ࣛࣥᩓ஘ࡢศග⿦⨨ࡣ኱᥃࠿ࡾ࡟࡞ࡿ࡜࠸࠺ḞⅬࡀ࠶ࡗࡓࠋࡉࡽ࡟㸪sub-THz ᖏ(<30
cm-1)ࡢࢫ࣌ࢡࢺࣝࢆᚓࡿ࡟ࡣ㸪ບ㉳࣮ࣞࢨ࣮ࡢࢫ࣌ࢡࢺࣝ⥺ᖜࢆᴟຊ⊃ࡃࡍࡿ࡜࡜ࡶ࡟(<1
cm-1)㸪࣮࣮ࣞࣜගࡢᙳ㡪ࢆ㧗ᛶ⬟ࡢࣀࢵࢳࣇ࢕ࣝࢱ࣮➼࡛㝖ཤࡍࡿᚲせࡀ࠶ࡾ㸪sub-THz
ᖏࢆྵࡴపἼᩘᇦ࡛㧗SNẚࡢࢥࣄ࣮ࣞࣥࢺ࣐ࣛࣥࢫ࣌ࢡࢺࣝࢆᚓࡿࡢࡣࡑࢀ࡯࡝ᐜ࡛᫆ࡣ
࡞࠸ࠋࡑࡇ࡛ࡇࢀࡽࡢၥ㢟ࢆඞ᭹ࡍࡿࡓࡵ࡟㸪࿘Ἴᩘࢳ࣮ࣕࣉࡋࡓࣇ࢙࣒ࢺ⛊࣮ࣞࢨ࣮ࢆ⏝
࠸ࡿ௨ୗࡢࡼ࠺࡞ᡭἲࢆ㛤Ⓨࡋࡓࠋ௨ୗ࡛ࡣ CARS ࢆ౛࡟࡜ࡾㄝ᫂ࡍࡿࡀ㸪ࡇࡢᡭἲࡣ
CARS ௨እࡢ௚ࡢࢥࣄ࣮ࣞࣥࢺ࣐ࣛࣥศග࡟ࡶ㐺⏝࡛ࡁࡿࠋ
ࣇ࢙࣒ࢺ⛊࣮ࣞࢨ࣮ࡢࢫ࣌ࢡࢺࣝࡣࡑࡢࣃࣝࢫᖜ࡟ᛂࡌ࡚㸪ᩘTHz㹼ᩘ10 THzࡢᖏᇦࢆ
ᣢࡗ࡚࠸ࡿࠋᅇᢡ᱁Ꮚᑐ࡞࡝ࢆ⏝࠸࡚ࣇ࢙࣒ࢺ⛊࣮ࣞࢨ࣮࡟⥺ᙧ࡞࿘Ἴᩘࢳ࣮ࣕࣉࢆຍ࠼㸪
㸰ࡘ࡟ศ㞳(E1࡜E2࡟ᑐᛂࡉࡏ㸪Pump1ཬࡧPump2࡜ࡍࡿ)ࡋࡓ࠶࡜㸪㐺ᙜ࡞᫬㛫ᕪ('W)ࢆࡘ
ࡅ࡚෌ࡧ㔜ࡡྜࢃࡏࡿ࡜㸪'W࡟ᛂࡌࡓᕪ࿘Ἴᩘ(GZ㹼ᩘTHz)ࡢගࣅ࣮ࢺࢆⓎ⏕ࡉࡏࡿࡇ࡜ࡀ
࡛ࡁࡿࠋࡇࡢගࣅ࣮ࢺࢆヨᩱ࡟ධᑕࡉࡏࡿ࡜㸪ᕪ࿘ἼᩘGZ ࡔࡅup-shiftࡋ㸪࠿ࡘ࿘Ἴᩘࢳ
࣮ࣕࣉࡋࡓCARSගࢆᚓࡿࡇ࡜ࡀ࡛ࡁࡿ(ᅗ1ᕥ)ࠋࡇࡢCARSගࡣGZࡀᑠࡉࡅࢀࡤ࿘Ἴᩘ㍈ୖ
࡛ࡣࢫ࣌ࢡࢺࣝࡀPump1ཬࡧPump2࡜㔜࡞ࡿࡢ࡛ศ㞳ࡍࡿࡇ࡜ࡀ࡛ࡁ࡞࠸ࡀ㸪ࡑࢀࡒࢀࡢ
࿘Ἴᩘࢳ࣮ࣕࣉග࡟㏫ศᩓࢆຍ࠼ࡿࡇ࡜࡛㸪ࡶ࡜ࡢࣇ࢙࣒ࢺ⛊ࡢࣃࣝࢫ࡟ኚ᥮ࡋ㸪᫬㛫㡿ᇦ
࡛ศ㞳ࡍࡿࡇ࡜ࡀ࡛ࡁࡿ(ᅗ1ྑ)ࠋ᫬㛫㡿ᇦ࡛ศ㞳ࡉࢀࡓCARSගࡣup-conversion࡞࡝ࡢᡭ
ἲ᳨࡛ฟࡍࡿࡇ࡜ࡀྍ⬟࡛࠶ࡿࠋࡇࡢᡭἲ࡛ࡣࣇ࢙࣒ࢺ⛊࣮ࣞࢨ࣮ࡣ1ྎ࡛ࡼࡃ㸪ࡲࡓศග
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ჾࡸࣇ࢕ࣝࢱ࣮ࢆᚲせ࡜ࡋ࡞࠸ࠋࡉࡽ࡟㸪Pump2ࡢ CSRSගࡢ᳨ฟ࡟ࡼࡾCSRSศගࢆ⾜࠺
ࡇ࡜ࡀ࡛ࡁࡿࠋࡲࡓPump1࡜Pump2ࡢࢥࣄ࣮ࣞࣥࢺ࣐ࣛࣥᩓ஘࡟ࡼࡿᙉᗘኚ໬ࢆ᳨ฟࡍࡿ
ࡇ࡜࡟ࡼࡾ㸪ࡑࢀࡒࢀ㏫࣐ࣛࣥศග(IRSศග) 㸪ㄏᑟ࣐ࣛࣥ฼ᚓศග(SRGSศග)ࢆ⾜࠺ࡇ
࡜ࡀ࡛ࡁࡿࠋ
➹⪅ࡽࡀ᫬㛫㡿ᇦࢥࣄ࣮ࣞࣥࢺ࣐ࣛࣥศගἲࡢ◊✲ࢆ㛤ጞࡋࡓࡢ࡜࡯ࡰྠ᫬ᮇ࡟㸪ୖ グࡢ
ࡼ࠺࡞2ࡘࡢ࿘Ἴᩘࢳ࣮ࣕࣉࡋࡓࣇ࢙࣒ࢺ⛊࣮ࣞࢨ࣮ࣃࣝࢫࢆPumpග࡜ࡋ࡚⏝࠸ࡿᡭἲࡀ
Hellererࡽ࡟ࡼࡗ࡚ሗ࿌ࡉࢀ࡚࠸ࡿ[11]ࠋHellererࡽࡣࡇࡢᡭἲࢆ”spectral focusing’’࡜࿧ࢇ࡛࠸
ࡿࡀ㸪㧗࠸Ἴᩘᇦࡢ ᐃ࡛࠶ࡗࡓࡓࡵ㸪࿘Ἴᩘࢳ࣮ࣕࣉࡋࡓCARSಙྕගࢆࣃࣝࢫᅽ⦰ࡏࡎ㸪
ᅇᢡ᱁Ꮚᆺศගჾ࡞࡝࡛࿘Ἴᩘศ㞳ࡋ᳨࡚ฟࡋ࡚࠸ࡿࠋࡋ࠿ࡋ㸪THzᖏ࡛ࡣಙྕග࡜Pump
ගࡣ࿘Ἴᩘⓗ࡟࣮࢜ࣂ࣮ࣛࢵࣉࡋ࡚࠸ࡿࡓࡵ㸪ᅇᢡ᱁Ꮚ࡞࡝ࡢศᩓ⣲Ꮚ࡛ಙྕගࢆPumpග
࠿ࡽศ㞳ࡍࡿࡇ࡜ࡀ࡛ࡁࡎ㸪ࡑࡢࡲࡲ࡛ࡣ”spectral focusing’’ࡢᡭἲࡣ౑࠼࡞࠸ࠋࡇࡢࡓࡵ㸪
ඛ࡟㏙࡭ࡓࡼ࠺࡟ಙྕග࠾ࡼࡧPumpගࢆࣃࣝࢫᅽ⦰ࡋ࡚ࣇ࢙࣒ࢺ⛊ࡢ㉸▷ගࣃࣝࢫ࡟ኚ
᥮ࡋ㸪ྠࡌࣇ࢙࣒ࢺ⛊࣮ࣞࢨ࣮ග※࠿ࡽศ㞳ࡋࡓProbeග࡛࿴࿘ἼⓎ⏕࡞࡝ࡢᡭἲ࡛᫬㛫㡿
ᇦ᳨ฟࡍࡿࡢࡀᮏᡭἲࡢ≉ᚩ࡛࠶ࡿࠋࣇ࢙࣒ࢺ⛊࣮ࣞࢨ࣮ቑᖜ࡟࠾ࡅࡿChirped Pulsed 
Amplification (CPA)ࢆࡈᏑࡌࡢ᪉ࡣ㸪ࡑࡢ㢮ఝᛶ࡟Ẽ௜࠿ࢀࡓࡇ࡜࡜ᛮ࠺ࠋCPA࡜ࡢ㐪࠸
ࡣ᫬㛫㡿ᇦࢥࣄ࣮ࣞࣥࢺ࣐ࣛࣥศග࡛ࡣ㸪ࢳ࣮ࣕࣉࣃࣝࢫࡣቑᖜࡉࢀࡿࡢ࡛ࡣ࡞ࡃ㸪ࢥࣄ࣮
ࣞࣥࢺ࣐ࣛࣥᩓ஘㐣⛬࡟ࡼࡾኚㄪࡉࢀ࡚࠸ࡿࡇ࡜࡛࠶ࡿࠋ
ࡇࡇ࡛᫬㛫㡿ᇦࢥࣄ࣮ࣞࣥࢺ࣐ࣛࣥศගἲࡢᖏᇦ࡜ศゎ⬟࡟ࡘ࠸࡚ゐࢀ࡚࠾ࡃࠋࢥࣄ࣮ࣞ
ࣥࢺ࣐ࣛࣥಙྕࡣPumpග࡟ྵࡲࢀࡿ㸰ࡘ࿘Ἴᩘᡂศ㛫ࡢᕪ࿘Ἴᩘ࡛Ⓨ⏕ࡍࡿࡢ࡛㸪Pump
ගࡢࢫ࣌ࢡࢺࣝᖏᇦࡀほ ᖏᇦࡢୖ㝈࡜࡞ࡿ㸦ᚑࡗ࡚㸪ࡼࡾࣃࣝࢫᖜࡢ⊃࠸Pumpගࢆ⏝࠸
ࡓ࡯࠺ࡀほ ᖏᇦࡣᣑࡀࡿ㸧ࠋ୍᪉㸪࿘Ἴᩘศゎࡢ࡯࠺ࡣ㸪㸰ࡘࡢ࿘Ἴᩘࢳ࣮ࣕࣉࣃࣝࢫ࡛
Ⓨ⏕ࡍࡿගࣅ࣮ࢺࣃࣝࢫิࡢ᫬㛫ᖜ'Tࡢ㏫ᩘ࡛Ỵࡲࡿࠋࡍ࡞ࢃࡕ࿘Ἴᩘศゎࢆ'Q࡜ࡍࡿ࡜
'Q 'ZS 'T࡛࠶ࡿࠋගࣅ࣮ࢺࡢ᫬㛫ᖜ'Tࡣࣅ࣮ࢺ࿘Ἴᩘ㸦㸻࣐ࣛࣥ࿘Ἴᩘ㸧Qa࡛᭱
኱࡛㸪Qࡀ኱ࡁࡃ࡞ࡿ࡟ࡘࢀ࡚༢ㄪ࡟ῶᑡࡍࡿࡓࡵ㸪࿘Ἴᩘศゎ'Qࡣ࣐ࣛࣥ࿘Ἴᩘࡀᑠࡉ࠸
᫬࡟ᑠࡉࡃ㸦ࡍ࡞ࢃࡕ࿘Ἴᩘศゎ⬟ࡀⰋ࠸㸧㸪࣐ࣛࣥ࿘Ἴᩘࡀ኱ࡁࡃ࡞ࡿ࡯࡝኱ࡁࡃ࡞ࡿ㸦ࡍ
࡞ࢃࡕ࿘Ἴᩘศゎ⬟ࡀᝏࡃ࡞ࡿ㸧ࠋQa௜㏆࡛ᚓࡽࢀࡿ᭱ᑠ࿘Ἴᩘศゎ'Qmࡣ㸪ࡶ࡜ࡢࣇ࢙࣒
ࢺ⛊࣮ࣞࢨ࣮ࡢࣃࣝࢫᖜࢆGt㸪Pumpගࡢ࿘Ἴᩘࢳ࣮ࣕࣉ⋡ࢆ b 㸪'Tmࢆ࿘Ἴᩘࢳ࣮ࣕࣉࣃ
ࣝࢫࡢᖜ࡜ࡍࡿ࡜'Qm 'Tm Gt㺃b ࡛୚࠼ࡽࢀࡿࠋࡋࡓࡀࡗ࡚㸪࿘ἼᩘศゎࢆⰋࡃࡍࡿࡓࡵ
࡟ࡣ (i) ࡛ࡁࡿࡔࡅᖜࡢ⊃࠸࣮ࣞࢨ࣮ࣃࣝࢫࢆග※࡟⏝࠸㸪(ii) 㧗࠸࿘Ἴᩘࢳ࣮ࣕࣉ⋡ࢆ୚
࠼࡚㸪࡛ࡁࡿࡔࡅࣃࣝࢫࢆࢫࢺࣞࢵࢳ㸦ᘏఙ㸧ࡉࡏࢀࡤࡼ࠸ࡇ࡜ࡀศ࠿ࡿࠋ
ὀ㸸ȘࡸEࡣࡑࢀࡒࢀࢸࣥࢯࣝ㸪࣋ࢡࢺ࡛ࣝ࠶ࡿࡢ࡛㸪ࢸࣥࢯࣝ࡜࣋ࢡࢺࣝࡢ₇⟬ࡢ⾲
⌧࡜ࡋ࡚ᘧࡣ(1)㹼(3)ཝᐦ࡞ࡶࡢ࡛ࡣ࡞࠸ࠋࡋ࠿ࡋࡇࡇ࡛ࡣヰࢆࡸࡸࡇࡋࡃࡏࡎ㸪ᮏ㉁
ࡢ⌮ゎࡢࡓࡵ࡟ࡣ࠸ࡎࢀࡶࢫ࣮࢝ࣛ㔞࡜ࡋ࡚ࡢ᥃ࡅ⟬࡜ࡋ࡚⌮ゎࡋ࡚࠾࠸࡚ᕪࡋᨭ࠼
࡞࠸ࠋ
㸱㸬⿦⨨ᴫせ
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ᅗ 2 ࡟᫬㛫㡿ᇦࢥࣄ࣮ࣞࣥࢺ࣐ࣛࣥศග⿦⨨ࡢᶍᘧᅗࢆ♧ࡍࠋບ㉳ග※࡟ࡣ 1 kHz ⧞ࡾ㏉
ࡋࡢࢳࢱࣥࢧࣇ࢓࢖࢔࣮ࣞࢨ࣮෌⏕ቑᖜჾ㸦୰ᚰἼ㛗⣙ 800 nm㸪ࣃࣝࢫᖜ⣙ 120 ࣇ࢙࣒ࢺ
⛊㸧ࢆ౑⏝ࡋࡓࠋࣇ࢙࣒ࢺ⛊࣮ࣞࢨ࣮ࡣࡲࡎ㸪Pump ග࡜ Probe ග࡟ศࡅࡽࢀࡓ࠶࡜㸪Pump
ගࡣ Stretcher㸦ᅇᢡ᱁Ꮚ࡜ࣞࣥࢬᑐ࡛ᵓᡂ㸧࡟ࡼࡾṇࡢ⩌㏿ᗘศᩓࡀ୚࠼ࡽࢀ㸪⣙ 20 ps
⛬ᗘ࡟ࡲ࡛ᘏఙࡋࡓ࿘Ἴᩘࢳ࣮ࣕࣉࣃࣝࢫ࡜࡞ࡿࠋ࿘Ἴᩘࢳ࣮ࣕࣉࡋࡓ Pump ගࡣ࣐࢖ࢣ
ࣝࢯࣥᆺࡢᖸ΅ィ࡟ࡼࡾ Pump1 ࡜ Pump2 ࡟ศࡅࡽࢀ㸪┦ᑐⓗ࡞᫬㛫㐜ᘏ'Wࡀ୚࠼ࡽࢀࡓ
࠶࡜㸪෌ࡧ㔜ࡡྜࢃࡏࡽࢀࡿࠋPump1 ࡜ Pump2 ࡜ࡢᖸ΅࡟ࡼࡾ㸪Pump ග࡟ࡣගࣅ࣮ࢺ
㸦࠺࡞ࡾ㸧ࡀ⏕ࡌ㸪ࡑࡢ࿘Ἴᩘࡣ'W࡟౫Ꮡࡋࡓ Pump1 ࡜ Pump2 㛫ࡢᕪ࿘Ἴᩘ࡛Ỵࡲࡿࠋ
ࡇࡢගࣅ࣮ࢺࢆヨᩱ࡟ධᑕࡉࡏࡓ࠶࡜㸪Compressor ࡛㸪ࡶ࡜ࡢࣇ࢙࣒ࢺ⛊ࣃࣝࢫ࡟ᡠࡍࠋ
CARS ಙྕࡣ᫬㛫㡿ᇦ࡛ Pump1 ࡟ᑐࡋ࡚㸪Pump2 ࡜཯ᑐഃࡢ᫬㛫㡿ᇦ࡟'Wࡔࡅ㞳ࢀࡓ࡜
ࡇࢁ࡟⌧ࢀࡿࡢ࡛㸪ࡇࢀࢆ㠀⥺ᙧගᏛ⤖ᬗ(BBO ⤖ᬗ)୰࡛ Probe ග(ಙྕග࡜ࡢ┦ᑐ㐜ᘏ᫬
㛫ࢆW1࡜ࡍࡿ)࡜ࡢ࿴࿘ἼⓎ⏕(SFG)࡟ࡼࡾἼ㛗⣙ 400nm ࡢග࡟ኚ᥮ࡍࡿࠋἼ㛗ኚ᥮ࡉࢀࡓ
ಙྕගࡣ GaP ࣇ࢛ࢺࢲ࢖࣮࢜ࢻࡲࡓࡣࣇ࢛ࢺ᳨࣐࡛ࣝฟࡍࡿࠋ ᐃࡢឤᗘࢆ㧗ࡵࡿࡓࡵ㸪
Pump1 ࡲࡓࡣ Pump2 ࢆගࢳࣙࢵࣃ࣮࡛ኚㄪࡋ㸪᳨ฟჾ࠿ࡽࡢಙྕࢆࣟࢵࢡ࢖᳨ࣥἼࡍࡿࠋ
㏫࣐ࣛࣥಙྕࢆ᳨ฟࡍࡿሙྜࡣ㸪Ἴ㛗ኚ᥮ࡉࢀࡓ Pump1 ࡢ Pump2 ࡟ࡼࡿᙉᗘኚ໬ࢆ㸪
Pump2 ࢆኚㄪࡍࡿࡇ࡜࡛ᕪศ᳨Ἴࡍࡿࠋ㏫࣐ࣛࣥศග࡛ࡣ Pump1 ࢆἼ㛗ኚ᥮ࡋ࡞ࡃ࡚ࡶ
ཎ⌮ⓗ࡟ࡣಙྕ᳨ฟࡀྍ⬟ࡔࡀ㸪Ἴ㛗ኚ᥮࡟ࡼࡾヨᩱ࡟ࡼࡿᩓ஘㸪㏞ග࡟ࡼࡿ⫼ᬒࣀ࢖ࢬࢆ
పῶࡍࡿࡇ࡜ࡀ࡛ࡁࡿࠋ

㸲㸬 ᐃ౛
GaSe ༢⤖ᬗ(c ㍈࢝ࢵࢺ㸪ཌࡉ 1 mm)ࡢ CARS ࢫ࣌ࢡࢺࣝࢆ ᐃࡋࡓ⤖ᯝࢆᅗ 3 ࡟♧ࡍ
[12]ࠋ0.6 THz ௜㏆࡟ GaSe ࡢගᏛࣇ࢛ࣀࣥ(c ㍈࡟ᆶ┤࡞㠃ࡢࢫࣛ࢖ࢻ᣺ື࡟ᑐᛂࡋࡓ࣮ࣔ
ࢻ)[13]࡟ࡼࡿඹ㬆ࡀ☜ㄆ࡛ࡁࡿࠋࡇࡢ ᐃ⤖ᯝ࠿ࡽศ࠿ࡿࡇ࡜ࡣ (i) 㠀ඹ㬆 CARS ಙ 㸦ྕ࿘
Ἴᩘ࡟࡯࡜ࢇ࡝౫Ꮡࡏࡎ㸪㟁Ꮚບ㉳ࡀ㛵୚ࡋࡓᛂ⟅㸧ࡢᐤ୚ࡀ኱ࡁ࠸㸪(ii) ᣺ື࣮ࣔࢻ࡟ࡼ
ࡿඹ㬆ࢫ࣌ࢡࢺࣝࡣ࠸ࢃࡺࡿࠕศᩓᆺ 㸪ࠖࡍ࡞ࢃࡕඹ㬆࿘Ἴᩘࢆ୰ᚰ࡟ᴟᑠ࡜ᴟ኱ࢆ♧ࡍ
[14]ࠋࡇࢀࡽࡣᚑ᮶࠿ࡽ▱ࡽࢀ࡚࠸ࡓࡇ࡜࡛࠶ࡿࡀ㸪ᮏᡭἲ࡟࠾࠸࡚ࡶ㸪᣺ືࡸ⦆࿴࣮ࣔࢻ
࡟ᑐᛂࡋࡓ CARS ࢫ࣌ࢡࢺࣝࢆᚓࡿࡓࡵ࡟ࡣ㠀ඹ㬆ಙྕᢚไࡀ㔜せ࡞ᢏ⾡ㄢ㢟࡛࠶ࡿࡇ࡜
ࡀศ࠿ࡿࠋ
ḟ࡟㏫࣐ࣛࣥศග࡟ࡼࡾ GaSe ࢆ ᐃࡋࡓࠋࡑࡢ⤖ᯝࢆᅗ 4 ࡟♧ࡍࠋ0.6 THz ௜㏆㸪࠾ࡼ
ࡧ 4 THz ௜㏆࡟ගᏛࣇ࢛ࣀࣥ࡟ࡼࡿඹ㬆ࣆ࣮ࢡࡀほ ࡉࢀ࡚࠸ࡿࡇ࡜ࡀศ࠿ࡿࠋ㏫࣐ࣛࣥ
ಙྕࡣ CARS ಙྕࡼࡾࡶ⣙୍᱆኱ࡁࡃ㸪CARS  ᐃࡢሙྜࡢࡼ࠺࡟ Probe ගࡢගᏛ㐜ᘏW
ࢆ'W࡜ྠ᫬࡟㉮ᰝࡍࡿᚲせࡀ࡞࠸ࡢ࡛㸪CARS  ᐃࡼࡾࡶ㧗࠸ SN ẚࡀᚓࡽࢀ㸪࠿ࡘ⡆౽࡛
࠶ࡿࠋࡲࡓ㸪㏫࣐ࣛࣥศග࡛ࡣ 3 ḟࡢ㠀⥺ᙧឤཷ⋡ࡢ⹫㒊࡟ᑐᛂࡍࡿಙྕࡀᚓࡽࢀࡿࡓࡵ㸪
ඹ㬆ࢫ࣌ࢡࢺࣝࡶ CARS ࡢሙྜࡢࡼ࠺࡟ศᩓᆺࡢ཯ᑐ⛠ࢫ࣌ࢡࢺ࡛ࣝࡣ࡞ࡃ㸪ᑐ⛠ᆺ࡜࡞
ࡿࠋࡋ࠿ࡋ㸪㠀ඹ㬆ಙྕ࡜ᛮࢃࢀࡿ኱ࡁ࡞ࣂࢵࢡࢢࣛ࢘ࣥࢻࡀ CARS ྠᵝᨭ㓄ⓗ࡟࡞ࡿࡓ
ࡵ㸪ࡇࡢ㠀ඹ㬆ࣂࢵࢡࢢࣛ࢘ࣥࢻࡢᢚไࡀ⏕యศᏊศගࡸ࢖࣓࣮ࢪࣥࢢࢆ⾜࠺㝿࡟ࡣᚲせ࡜
࡞ࡿࠋ
186 187
ࡇࡢ㠀ඹ㬆ࣂࢵࢡࢢࣛ࢘ࣥࢻࢆᢚไࡍࡿࡓࡵ࡟೫ග CARS㸦P-CARS ࡜␎⛠ࡉࢀࡿࡇ࡜ࡀ
ከ࠸㸧[15-16]࡜࿧ࡤࢀࡿᡭἲࢆ㏫࣐ࣛࣥ ᐃ࡟㐺⏝ࡍࡿࡇ࡜ࢆヨࡳࡓࠋࡍ࡞ࢃࡕ㸪Pump1
࡜ Pump2 ࡢ┦ᑐⓗ࡞೫ගゅࢆไᚚࡍࡿࡇ࡜࡛㸪㠀ඹ㬆ಙྕࡢ೫ග᪉ྥ࡜ඹ㬆ಙྕࡢ೫ග᪉
ྥࢆࡎࡽࡋ࡚࠾ࡁ㸪೫ගࣇ࢕ࣝࢱ࣮࡛㠀ඹ㬆ಙྕ࡟ᑐᛂࡍࡿ೫ගᡂศࢆ㝖ཤࡍࡿࠋࡇࡢࡼ࠺
࡟ࡍࡿࡇ࡜࡛㸪ඹ㬆ಙྕࡑࡢࡶࡢࡶᙉᗘࡀ࠸ࡃࡽ࠿ᢚไࡉࢀࡿࡀ㸪㠀ඹ㬆ಙྕࡢ኱㒊ศࢆᢚ
ไࡍࡿࡇ࡜ࡀ࡛ࡁࡿࠋࡑࡢࡼ࠺࡟ࡋ࡚ ᐃࡋࡓ GaSe ࡢ 0.6 THz ௜㏆ࡢ㏫࣐ࣛࣥࢫ࣌ࢡࢺࣝ
ࢆᅗ 5 ࡟♧ࡍࠋ㠀ඹ㬆ᡂศࡀᢚไࡉࢀࡓ⤖ᯝ㸪0.6 THz ௜㏆ࡢගᏛࣇ࢛ࣀࣥ࡟ࡼࡿඹ㬆ࣆ࣮
ࢡࡀ᫂░࡟ ᐃࡉࢀ࡚࠸ࡿࡇ࡜ࡀศ࠿ࡿࠋ

㸳㸬 ᐃࡢᗈᖏᇦ໬[17]
ᮏᡭἲࡢ ᐃᖏᇦࡣඛ࡟㏙࡭ࡓࡼ࠺࡟㸪⏝࠸ࡿࣇ࢙࣒ࢺ⛊࣮ࣞࢨ࣮ࡢࢫ࣌ࢡࢺࣝᖏᇦ㸪࠶ࡿ࠸
ࡣࣃࣝࢫᖜࡢ㏫ᩘ࡛ไ㝈ࡉࢀ࡚࠸ࡿࠋ᫖ᖺ3᭶࡟ᑟධࡋࡓ㸪ࡼࡾࣃࣝࢫᖜࡢ⊃࠸ࣇ࢙࣒ࢺ⛊࣮ࣞ
ࢨ࣮㸦~40 fs㸧ࢆ⏝࠸࡚㸪 ᐃᖏᇦࢆ5 TH㹸(~160 cm-1)࠿ࡽ⣙15 THz(㹼500 cm-1)࡟ᣑ኱ࡍࡿ
ࡇ࡜ࡀ࡛ࡁࡓࠋࡲࡓ㸪Pump1࡜Pump2ࢆศ㞳㸪ྜᡂࡍࡿ࣐࢖ࢣࣝࢯࣥᖸ΅ィ㒊ศࡢගᏛ⣔ࡢᶵ
Ეⓗ࡞Ᏻᐃᗘࢆྥୖࡉࡏࡿࡇ࡜࡛㸪௨๓ࡼࡾࡶẚ㍑ⓗᏳᐃ࡟ಙྕ᳨ฟࢆ⾜࠼ࡿࡼ࠺࡟࡞ࡗࡓࠋ
ᅗ 6 ࡣ GaSe(c -cut㸪ཌࡉ 1 mm)ࡢ㏫࣐ࣛࣥࢫ࣌ࢡࢺࣝࢆ ᐃࡋࡓ⤖ᯝ࡛࠶ࡿࠋ⦪㍈ࡣບ㉳ග
ࡢᦆኻ㸦㏫࣐ࣛࣥಙྕ࡟┦ᙜ㸧ࢆ⾲ࡍࠋᶓ㍈ࡣ㸰ࡘࡢບ㉳ࣃࣝࢫࡢ┦ᑐ᫬㛫㐜ᘏ'W࡛࠶ࡾ㸪ບ㉳
ගࡢࣅ࣮ࢺ࿘Ἴᩘ࡟ẚ౛ࡋ࡚࠸ࡿࠋࢮࣟ㐜ᘏ᫬㛫࡟࠶ࡿ㗦ࡃ኱ࡁ࡞ࣆ࣮ࢡࡣ㸰ࡘࡢບ㉳ගࡀ㔜࡞
ࡗࡓ࡜ࡁ㸦ࢮࣟࣅ࣮ࢺ࿘Ἴᩘ࡟┦ᙜ㸧ࡢࣂ࣮ࢫࢺಙྕ࡛࠶ࡿࠋࡑࡢྑഃࡍࡄ(1.1 ps)࡟⌧ࢀ࡚࠸
ࡿᑠࡉ࠸ࣆ࣮ࢡࡣ⣙0.6 THz࡟࠶ࡿGaSeࡢ c㍈࡟ᆶ┤࡞㠃㛫ࡢࢫࣛ࢖ࢻ᣺ື࣮ࣔࢻ(E2g mode)㸪
7.9 ps ௜㏆ࡢ᫂░࡞ࣆ࣮ࢡࡣ 4 THz ࡟࠶ࡿ඲ᑐ⛠ගᏛࣇ࢛ࣀ࣮ࣥࣔࢻ㸦A1g mode㸧㸪18.7 ps ௜
㏆ࡢᙅ࠸ࣆ࣮ࢡࡣ 9.3 THz ࡟࠶ࡿ࣐ࣛࣥάᛶ࡞ගᏛࣇ࢛ࣀ࣮ࣥࣔࢻ㸦E2g mode㸧࡛࠶ࡿ[14]ࠋࡇ
ࢀࡽࡢࣂࣥࢻࢆᇶ‽࡜ࡍࡿ࡜㸪㠀ඹ㬆ࣂࢵࢡࢢࣛ࢘ࣥࢻಙྕ㸦4 ගἼΰྜ࡟ࡼࡿ࡜ᛮࢃࢀࡿ㸧ࡀ
15 THz(㐜ᘏ᫬㛫࡛ 30 ps)௜㏆ࡲ࡛ఙࡧ࡚࠾ࡾ㸪 ᐃᖏᇦࡀࡑࡢ࿘Ἴᩘࡲ࡛☜ಖ࡛ࡁ࡚࠸ࡿࡇ࡜
ࡀศ࠿ࡿࠋ
㸴㸬ಙྕᑐ㞧㡢ẚࡢᨵၿ[18,19]
Pump1 ࡜ Pump2 ࡢᖸ΅ගᏛ⣔ࡢᶵᲔⓗᏳᐃᗘࢆቑࡍࡇ࡜࡛㸪ࢥࣄ࣮ࣞࣥࢺ࣐ࣛࣥಙྕࡢᦂ
ࡽࡂࡣ࠶ࡿ⛬ᗘᨵၿࡉࢀࡓࡀ㸪ࡲࡔ⏕యศᏊ࡞࡝ࡢᚤᙅ࡞ಙྕࡋ࠿ᚓࡽࢀ࡞࠸ ᐃᑐ㇟࡟ᑐࡋ࡚
ࡣ㸪ࡑࡢಙྕᑐ㞧㡢ẚ㸦SNR㸧ࡣ༑ศ࡛ࡣ࡞࠸ࠋࢥࣄ࣮ࣞࣥࢺ࣐ࣛࣥᩓ஘࠾ࡼࡧ ᐃ࡟⏝࠸ࡓ
SFG ࡢຠ⋡ࡣࡑࢀࡒࢀບ㉳ගᙉᗘࡢ 3 ஌㸪2 ஌࡟ẚ౛ࡍࡿࠋࡇࡢࡓࡵࢥࣄ࣮ࣞࣥࢺ࣐ࣛࣥᩓ
஘ಙྕࡣບ㉳ගᙉᗘ㸲஌࡟ẚ౛ࡋ㸪ࡑࡢᦂࡽࡂ࡟ᑐᛂࡋ࡚኱ࡁࡃᦂࡽࡄࠋࡇࢀࡀ㞧㡢㸦Noise㸧
ࡢ኱ࡁ࡞せᅉ࡟࡞ࡗ࡚࠸ࡿ࡜ᛮࢃࢀࡿࠋࡉࡽ࡟᣺ື࣮ࣔࢻ࡟ࡼࡿඹ㬆ಙྕࡼࡾࡶ኱ࡁ࡞㠀ඹ㬆
ಙྕࡀᦂࡽࡄࡇ࡜࡛㸪ࡉࡽ࡟ SNR ࢆపୗࡉࡏ࡚࠸ࡿࠋ
㏻ᖖ㧗⧞ࡾ㏉ࡋࡢ࣮ࣞࢨ࣮ࢆ⏝࠸ࡓ ᐃ࡛ࡣ㸪ᦂࡽࡂࡣᖹᆒ໬࡟ࡼࡾ࡞ࡽࡉࢀ㸪㞧㡢ࣞ࣋
ࣝࡣ ᐃ᫬㛫ෆࡢࢩࣙࢵࢺᩘ N ࡢᖹ᪉᰿㏫ᩘ࡟ẚ౛ࡋ࡚ῶᑡࡍࡿࠋࡓ࡜࠼ࡤ㸪100 MHz ⧞
ࡾ㏉ࡋࡢ࣮ࣞࢨ࣮࡛㸪᫬ᐃᩘ 100 ms ࡢ ᐃࢆ⾜࠺࡜㸪ࢩࣙࢵࢺࡈ࡜ࡢಙྕ࡟ 10㸣ࡢᦂࡽࡂ
ࡀ࠶ࡗࡓ࡜ࡋ࡚ࡶ㸪100 ms ࡢ㛫࡟ N = 107ᅇࡢࢩࣙࢵࢺᩘࡀ࠶ࡿࡓࡵ࡟㸪ᦂࡽࡂ࡟ࡼࡿ㞧
㡢ࡣ 10㸣/(107㸧1/2 㹼0.003%࡟ῶᑡࡍࡿࠋࡋ࠿ࡋ㸪⌧ᅾග※࡟⏝࠸࡚࠸ࡿࣇ࢙࣒ࢺ⛊࣮ࣞࢨ
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࣮ࡢ෌⏕ቑᖜჾࡣ⧞ࡾ㏉ࡋࡀ 1 kHz ࡛࠶ࡿࡓࡵ㸪100ms ࡢ㛫࡟ࢃࡎ࠿ N = 100 ᅇࡢࢩࣙࢵ
ࢺᩘ࡛࠶ࡿࡓࡵ㸪10%ࡢᦂࡽࡂ࡟ࡼࡿ㞧㡢ࡣ 10㸣/(100㸧1/2 㹼1%࡟ࡋ࠿ῶᑡࡋ࡞࠸ࠋᐇ㝿࡟
ࡣࢥࣄ࣮ࣞࣥࢺ࣐ࣛࣥಙྕࡣᩘ 10㸣⛬ᗘᦂࡽ࠸࡛࠾ࡾ㸪㏻ᖖࡢ 100 ms ⛬ᗘࡢ᫬ᐃᩘ࡛ࡣ㸪
ᦂࡽࡂࡼࡿࣀ࢖ࢬࡣᩘ㸣௨ୗ࡟ࡣῶᑡࡋ࡞࠸ࠋ᫬ᐃᩘ T ࢆ኱ࡁࡃ࡜ࡿࡇ࡜࡛ SNR ࡣᨵၿࡉ
ࢀࡿࡀ㸪ࣀ࢖ࢬࡣ T ࡢᖹ᪉᰿㏫ᩘ࡟ẚ౛ࡋ࡚ᑠࡉࡃ࡞ࡿࡢ࡛㸪ᖹᆒ໬࡟ࡼࡿ SNR ᨵၿࡣ㛗
᫬㛫 ᐃࢆせࡍࡿࡇ࡜࡟࡞ࡿࡢ࡛㸪ᚓ⟇࡛ࡣ࡞࠸ࠋ
ࡶࡋ㠀ቑᖜࡢ㧗⧞ࡾ㏉ࡋࡢ࣮ࣞࢨ࣮ࢆ⏝࠸ࡿ࡜ᖹᆒ໬࡟ࡼࡿᦂࡽࡂ㞧㡢ࡢᢚไࡀᮇᚅ࡛
ࡁࡿࡀ㸪ບ㉳࣮ࣞࢨ࣮ࣃࣝࢫࡢᙉᗘࡀᑠࡉࡃ࡞ࡾ㸪ಙྕࡑࡢࡶࡢࡀᑠࡉࡃ࡞ࡗ࡚ࡋࡲ࠺ࡢ࡛㸪
SNR ࡢᨵၿ࡟ࡣ࣮ࣞࢨ࣮ࡢ⧞ࡾ㏉ࡋᩘ࡜࣮ࣞࢨ࣮ᙉᗘࢆ㐺ᙜ࡟ࣂࣛࣥࢫࡉࡏࡿᚲせࡀ࠶
ࡿࠋᅗ 7 ࡟㏻ᖖࡢ࣮ࣔࢻྠᮇࢳࢱࣥࢧࣇ࢓࢖࢔࣮ࣞࢨ࣮㸦⧞ࡾ㏉ࡋ 82 MHz, ୰ᚰἼ㛗 800 
nm㸪ࣃࣝࢫᖜ⣙ 80 fs㸪ࢫ࣌ࢡࢺࣛࣇ࢕ࢪࢵࢡࢫ♫ Tsunami ࢩࢫࢸ࣒㸧ࢆ⏝࠸࡚ ᐃࡋࡓ
CS2㸦஧◲໬Ỉ⣲㸧ࡢ㏫࣐ࣛࣥಙྕࡢ ᐃ⤖ᯝࢆ♧ࡍࠋPump1 ࡜ Pump2 ࡢྜィᖹᆒࣃ࣮࣡
ࡣ⣙ 42 mW ࡛㸪Pump ගᙉᗘ㸦㠃✚ᙜࡓࡾࡢ Pump ࣃ࣮࣡㸧ࢆୖࡆࡿࡓࡵ 40 ಸࡢᑐ≀ࣞ
ࣥࢬࢆ⏝࠸࡚ヨᩱࢆບ㉳ࡋࡓࠋPump2 ࡢ SFG ಙྕࢆ GaP ࣇ࢛ࢺࢲ࢖࣮࢜ࢻ᳨࡛ฟࡋ࡞ࡀ
ࡽࠊPump2 ࡟ග Chopper ࡛ኚㄪࢆ࠿ࡅࠊPump2 ࡟ࡼࡿ Pump1 ࡢ SFG ಙྕࡢቑῶࢆࣟࢵ
ࢡ࢖᳨ࣥฟࡋࡓࠋPump1 ࡜ Pump2 ࡢ┦ᑐ᫬㛫㐜ᘏࡣ 2.5 ps ࡛㸪࣐ࣛࣥ࿘Ἴᩘ⣙ 1.2 THz
ࡢ㠀ඹ㬆ಙྕ࡟ᑐᛂࡋࡓಙྕࡀᅗ୰⣙6 psࡢPump1࡟ᑐᛂࡋࡓ᫬㛫఩⨨࡛ほ ࡉࢀ࡚࠸ࡿ
㸦ᕥഃ⣙ 3.5ps ࡢᙉ࠸ಙྕࡣ Pump2 ࡢ SFG ಙྕ࡛࠶ࡿ㸧ࠋPump1 ࡜ Pump2 ࡢ┦ᑐ᫬㛫㐜
ᘏࢆᅛᐃࡋ࡚ ᐃࡋࡓሙྜ࡟ࡣࠊᅗ 7 ࡢࡼ࠺࡟ẚ㍑ⓗⰋ࠸ SNR ࡛ಙྕࡀほ ࡉࢀࡓࡀ㸪┦
ᑐ᫬㛫㐜ᘏ㉮ᰝࢆ⾜ࡗ࡚ࢥࣄ࣮ࣞࣥࢺ࣐ࣛࣥࢫ࣌ࢡࢺࣝࢆᚓࡼ࠺࡜ࡍࡿ࡜㸪⮬ືࢫࢸ࣮ࢪࡢ
ᶵᲔ㥑ື࡟ࡼࡾ⏕ࡌࡓ Pump ࣅ࣮࣒ࡢ࣏࢖ࣥࢸ࢕ࣥࢢᦂࡽࡂ࡛኱ࡁࡃಙྕࡀኚືࡋ㸪ࢥࣄ
࣮ࣞࣥࢺ࣐ࣛࣥࡢ㐃⥆ࢫ࣌ࢡࢺࣝ ᐃࡀᅔ㞴࡛࠶ࡗࡓࠋ㧗⧞ࡾ㏉ࡋࡢࣇ࢙࣒ࢺ⛊࣮ࣞࢨ࣮ࢆ
⏝࠸ࡓሙྜࡣ Pump ගᙉᗘࢆୖࡆࡿࡓࡵ࡟ᑐ≀ࣞࣥࢬࢆ౑⏝ࡏࡊࡿࢆ࠼࡞࠸ࡀ㸪ࡑࡢሙྜ
࡟ࡣPump1࡜Pump2ࡢ㐜ᘏගᏛ⣔࡟ࡣ༑ศ࡞ᶵᲔⓗᏳᐃᗘࡀồࡵࡽࢀࡿࡇ࡜ࡀศ࠿ࡗࡓࠋ
⌧ᅾ㐜ᘏගᏛ⣔ࡢᨵၿࢆ᳨ウ୰࡛࠶ࡿࠋ
㸵㸬ࡲ࡜ࡵ࡜௒ᚋࡢィ⏬
ᮏゎㄝ࡛⤂௓ࡋࡓࢥࣄ࣮ࣞࣥࢺ࣐ࣛࣥศගἲࡣ sub-THz~THz 㡿ᇦࡢࢥࣄ࣮ࣞࣥࢺ࣐ࣛࣥ
ࢫ࣌ࢡࢺࣝࢆᚓࡿࡓࡵ࡟㸪ࣇ࢙࣒ࢺ⛊࣮ࣞࢨ࣮ࢆ⏝࠸㸪᫬㛫㡿ᇦ࡛ಙྕࢆ᳨ฟࡍࡿⅬࡀ኱ࡁ
࡞≉㛗࡛࠶ࡿࠋ௒ᚋ㸪⏕యศᏊࡢࡼ࠺࡞ಙྕᙉᗘࡢᙅ࠸ヨᩱ࡟㐺⏝ࡍࡿࡓࡵ࡟ࡣ SNR ࢆᨵ
ၿࡍࡿᚲせࡀ࠶ࡿࠋࡑࡢࡓࡵ࡟㸪㧗⧞ࡾ㏉ࡋࡢࣇ࢙࣒ࢺ⛊࣮ࣞࢨ࣮ࢩࢫࢸ࣒ࡢ Pump1 ࡜
Pump2 ࡢ┦ᑐ᫬㛫㐜ᘏ㉮ᰝ⣔ࡢᶵᲔⓗᏳᐃᗘࡢᨵၿ࡜࡜ࡶ࡟㸪(i) probe ගࡢ⮬ᕫ SHG ࢆ
ཧ↷ග࡟⏝࠸ࡓಙྕࡢᕪศ㸪ࡶࡋࡃࡣࣂࣛࣥࢫ᳨ฟ㸪࠾ࡼࡧ(ii) Pump1 ࡜ Pump2 ࡢᖸ΅ィ
ࡢග㊰㛗࡟ኚㄪࢆ࠿ࡅ࡚㸪Pump1 ࡜ Pump2 ࡢ᫬㛫㐜ᘏ࡟ᑐࡍࡿᚤศಙྕ㸦࿘Ἴᩘ㡿ᇦ࡛
ࡣ࿘Ἴᩘᚤศ࡟┦ᙜ㸧ࢆᚓࡿࡇ࡜ࢆヨࡳࡿணᐃ࡛࠶ࡿࠋ
ᮏ◊✲ሗ࿌ࡣ㸪㇂ṇᙪ㸪ᒣᮏ᫭ྖ㸸ࠕࣇ࢙࣒ࢺ⛊࣮ࣞࢨ࣮ࢆບ㉳ග※࡟⏝࠸ࡓࢸࣛ࣊ࣝࢶᖏ
ࢥࣄ࣮ࣞࣥࢺ࣭࣐ࣛࣥศගᡭἲࡢ㛤Ⓨ 㸪ࠖග࢔ࣛ࢖࢔ࣥࢫ➨  ᕳ➨ ྕ㸪≉㞟ࠕග࡜㟁Ἴࡢ
ቃ⏺㡿ᇦ㸸ࢸࣛ࣊ࣝࢶἼࢆ౑࠺ࠖSS㸦 ᖺ  ᭶㸧࡟ຍ➹㸪ಟṇࢆຍ࠼ࠕ◊✲ሗ࿌ࠖ
࡜ࡋ࡚㌿㍕ࡋࡓࡶࡢ࡛࠶ࡿࠋ
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ᅗ 2. ᫬㛫㡿ᇦࢥࣄ࣮ࣞࣥࢺ࣐ࣛࣥศග⿦⨨ࡢᶍᘧᅗ
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ᅗ 3. GaSe ࡢ 0.6THz ௜㏆ࡢගᏛࣇ࢛ࣀࣥࣂࣥࢻࡢ CARS ࢫ࣌ࢡࢺࣝࠋ
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ᅗ 5㸬GaSe ࡢ 0.4㹼1THz 㡿ᇦࡢ೫ග㏫࣐ࣛࣥࢫ࣌ࢡࢺࣝ
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ᅗ 6. ࣃࣝࢫᖜ⣙ 40 fs ࡢࣇ࢙࣒ࢺ⛊࣮ࣞࢨ࣮࡟ࡼࡾ ᐃࡋࡓ
GaSe(c -cut㸪ཌࡉ 1 mm)ࡢ㏫࣐ࣛࣥࢫ࣌ࢡࢺࣝ
ᅗ.7 CS2ࡢ᫬㛫㡿ᇦ㏫࣐ࣛࣥಙ 㸦ྕᅗྑഃ㹼6 ps ࡢ㯮⥺ࡢಙྕ㸧ࠋ3.5 ps
௜㏆ࡢࣆ࣮ࢡࡣ Pump2 ࡢ SFG ಙྕࠋᅗ୰ࡢ㟷⥺㸦Pump1㸧ࡣ Pump2
ࢆ࢝ࢵࢺࡋࡓሙྜࡢಙྕ࡛ࠊ㉥⥺㸦Pump2㸧ࡣ Pump1 ࢆ࢝ࢵࢺࡋࡓሙ
ྜࡢಙྕࠋ
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